Abstract: Grid codes in many countries require low-voltage ride-through (LVRT) capability to maintain power system stability and reliability during grid fault conditions. To meet the LVRT requirement, wind power systems must stay connected to the grid and also supply reactive currents to the grid to support the recovery from fault voltages. This paper presents a new fault detection method and inverter control scheme to improve the LVRT capability for full-scale permanent magnet synchronous generator (PMSG) wind power systems. Fast fault detection can help the wind power systems maintain the DC-link voltage in a safe region. The proposed fault detection method is based on on-line adaptive parameter estimation. The performance of the proposed method is verified in comparison to the conventional voltage measurement method defined in the IEC 61400-21 standard.
Introduction
Due to the issue of the carbon credits and environmental pollution, research into renewable power generation systems and the commercialization of this technology are actively underway worldwide. In particular, wind power has shown a rapid growth among the various renewable energy resources.
In some European countries such as Denmark, UK, and Germany, wind power generation systems account for a large portion of the total amount of generated power. To smooth the effects of high wind power penetration on power system stability and power quality, the transmission system operators (TSOs) in many countries have established special grid codes for wind power integration into the grid. The grid codes for wind power systems include technical requirements for the integration of wind power systems to power grids such as active and reactive power control, voltage and frequency limits and behavior during grid faults [1] [2] [3] .
Among the grid code items, this paper focuses on the low-voltage ride-through (LVRT) capability for wind power systems employing a permanent magnet synchronous generator (PMSG) with full-scale back-to-back converters [4, 5] . According to the LVRT requirements, wind power systems should be able to stay connected to the grid for the prescribed time during faults and also need to supply reactive currents to the grid to support the recovery from voltage faults. During faults, because of voltage drop, it is difficult for wind power systems to generate the command signals for grid-side converters and also to precisely control the power injection into the grids. In addition, power unbalance between the power input from the wind turbine and the output to the grid can cause a rapid increase in the DC-link voltage [2, 3] . If the abnormal condition persists, internal protective circuits would stop the wind power systems and disconnect them from the grids. To maintain normal operation of wind power systems for LVRT requirements, it is important to rapidly detect grid fault conditions and to change the control mode of said wind power systems. This paper proposes a novel grid voltage phasor measurement algorithm to distinguish grid fault conditions. The proposed voltage measurement algorithm is compared to the conventional method introduced by IEC 61400-21, which is the power measurement requirements of wind power system [6, 7] . The conventional method is widely used to detect sudden voltage drops in wind power systems but it takes at least one cycle of grid voltage to measure an accurate RMS value. On top of it, since the conventional method uses numerical operations based on fixed grid frequency, it is vulnerable to grid frequency variation.
The proposed method can extract the fundamental component from distorted voltage signals using an on-line parameter estimation algorithm. Because the proposed method can estimate the RMS value of the voltage phasor at each sample time without using an averaging function, the fault detection performance can be improved compared to the conventional one. Moreover, the fundamental frequency and phase angle of the grid voltage can also be estimated. Thus, the proposed algorithm is robust to frequency variation and disturbance. In this paper, the proposed algorithm is applied to the PMSG wind turbine situation to meet the LVRT requirements and is tested via switching-level simulation studies.
There are other methods to estimate the fundamental component of the measured voltage that use advanced signal processing techniques such as Prony's method and the Kalman filter. Prony's method is a technique for modeling sampled data as a linear combination of exponential components. The advantage of Prony's method is that it can estimate the damping factor as well as the magnitude, frequency and phase angle of the signal [8] . However, the damping factor is not critical for real-time fault detection and Prony's method needs more sample data to measure the parameters than the method proposed in this paper and is complicated for real-time applications. Kalman filters have been also widely used in applications to estimate the fundamental component of a signal that contains harmonics because this method is robust to noises [9] . Compared to the results of reference [9] that uses Kalman filters, the measured fundamental component of the proposed method has less transients during grid faults. In addition, the proposed method can track the system frequency as well as the voltage magnitude.
This paper is organized as follows: the implemented wind power system models are explained in Section 2. The proposed voltage measurement algorithm is discussed in Section 3. In Section 4, the proposed algorithm is verified via simulation studies.
Wind Power System Modeling

Wind Power System
In this paper, a PMSG based wind power system with a full-scale back-to-back converter is modeled as shown in Figure 1 . Generally, the maximum power from the wind can be derived as: where ρ is the air density; r is the radius of the wind turbine blade; vw is the velocity of wind; Cp.max is the maximum value of the wind turbine power coefficient; λopt is the optimum tip speed ratio; ωt is the rotational speed of the wind turbine rotor [3] .
As shown in Equations (1)- (3), the maximum wind turbine generation power can be extracted at the maximum point of the wind turbine power coefficient. To extract the maximum generation power, the rotational speed of the wind turbine should be controlled to equal the optimum rotational speed of the wind turbine set by the machine-side converter (MSC). In this paper, the maximum value of the power coefficient Cp,max is set to 0.4412 at the optimum value of the tip speed ratio λopt is 7.206 [3] .
As illustrated in Figure 1 , the wind turbine is integrated to the grid through a full-scale back-to-back converter that consists of the MSC and the grid-side converter (GSC). Usually, the converter controllers are based on the synchronous dq reference frame. To deal with unbalanced faults, the GSC need to utilize the decoupled double synchronous reference frame (DDSRF) phase-locked loop (PLL) and current controller that can separate and detect the positive-, negative-sequence component [2, 5] . 
Dynamic Braking Resistor
A dynamic braking resistor (DBR) is applied to protect the over-voltage of the DC-link capacitor in the full-scale converters. During grid faults, the GSC of the wind power system suffers difficulties to exactly control power injection to the grid because the grid voltage is easily distorted. If the MSC cannot figure out the fault condition, it may deliver the maximum power from the turbines to the GSC. The instant power mismatch between the MSC and the GSC leads to overvoltage in the DC-link that can have detrimental effects on the system. Therefore, the DBR circuit operates to consume excessive accumulated energy in the DC-link capacitor. Figure 2 shows the DBR circuit and its controller. When the voltage at the PCC drops under 0.8 p.u, the DBR circuit will operate [10] . 
Conventional Method
The fundamental component method is presented in IEC 61400-21, which offers the power measurement requirements of a wind power system [6, 7] . This paper selects this method as a conventional method to compare the performance of the proposed one. This method can measure the fundamental frequency component of the grid voltage phasor using the Fourier transform as
where T is the period of the grid voltage; ω1 is the angular speed of the fundamental frequency of the grid voltage; Va1.cos and Va1.sin are the fundamental components of the grid voltage. Equation (4) can be represented by the discrete Fourier transform as:
Assume that the phase voltage va is sampled N times per cycle of the voltage waveform. Then, the RMS of grid voltage (Va1) can obtained as: Figure 3 shows the flowchart of the conventional algorithm implemented in the DLL block of PSIM software using C-code programming. To reduce the computational burden to calculate the fundamental components using Equation (5), a successive window that updates the oldest one with the latest one using a ring-type buffer has been used [11] . Figure 4 shows the simulation results using the PSIM simulation tool. The first graph in Figure 4 shows the three-phase grid voltage and the second graph shows the RMS value of the fundamental component of the voltage. At 0.3 s, an unbalanced grid fault occurs with voltage reduction of phase a, b, and c of 50%, 70% and 30%, respectively. According to the conventional method, the RMS value can be calculated accurately, but there is time delay of about 16 ms in the transient period. 
Proposed Voltage Measurement Algorithm
The proposed algorithm is based on on-line parameter estimation [11] . Figure 5 illustrates the simplified block diagram of the proposed voltage measurement algorithm. As shown in Figure 5 , the proposed algorithm is composed of two sub-modules: the first one is to estimate the fundamental component of the grid voltage and the second one is to measure the system frequency and the phase angle. For the measurement of the voltage magnitude, this paper proposes to use an adaptive parameter estimation algorithm that can effectively detect variations in the fundamental voltages from the measured phase voltages [12, 13] . This method can be mathematically derived by a strictly positive real (SPR) Lyapunov method as follows [14] :
Consider the following plant:
where y(t) is the output, u(t) is the input, and θ * is the parameter to be estimated. Then, if we assume θ(t) as the estimate of θ * , the estimated output ˆ() yt can be obtained as:
Then, the estimation error, which represents the estimation accuracy of algorithm, can be defined as ŷ y y u       (9) For minimizing the cost criteria of ε with respect to θ, we can define the objective function J(θ) as:
The optimal point of the objective function can be obtained using the gradient method with respect to θ as:
where k is the adaptive gain which is positive (k > 0). In this paper, the plant of Equation (7) would be the grid voltage. The actual grid voltage, v(t), can be decomposed into DC component, fundamental component and harmonics as:
where Vk, ωk and φk represent the magnitude, angular frequency, and phase angle of the kth harmonic component; Vk1 = cosφk and Vk2 = sinφk. Equation (11) can be represented in the form of Equation (7) as:
Assume that the fundamental frequency ω1 is already known, ϕ in Equation (13) is also a known parameter. Then, θ in Equation (13) is the parameter to be estimated. According to above equations, the objective function of the proposed algorithm can be defined as follows:
To find the update law with respect to θ, the gradient method is applied to the objective function. Then, the update law can be derived as:
The adaptive update law for estimation of each individual component in θ is obtained as:
Finally, we can calculate the magnitude of the fundamental component of the phase voltage as:
From Equation (16), the block diagram of the fundamental estimation function can be illustrated as Figure 6 . The adaptive gain k is set to 500. 
System Frequency Estimation
The system frequency, ω1, should be updated for accurate estimation of the fundamental voltage component. Adaptive parameter estimation method can be applied to the frequency estimation function and the update law of the fundamental frequency can also be developed by gradient method as:
where α is an adaptive gain of frequency estimation function, which is a positive number. The frequency estimation is represented in Figure 7 . The performance of the proposed voltage measurement method is examined by PSIM simulation. Figure 8 shows the flowchart of the estimation algorithm. Figure 9 shows the simulation results comparing the performance proposed method to the conventional one. The first graph in Figure 9 shows the three-phase grid voltage and the remaining graphs represent the measured RMS values of each phase voltage using the conventional and proposed methods. When an unbalanced fault occurs at 0.3 s, the proposed method reaches the solution in less than one cycle. It should be noted that the proposed method can detect the fault condition at least 4.5 ms faster than the conventional one. 
Frequency Estimation Figure 9 . Simulation results of proposed method. 
Simulation Studies
The voltage measurement methods are applied to a PMSG-type wind power system. The wind power system and voltage measurement algorithms have been implemented using MATLAB/Simulink. The wind power system consists of a wind turbine, a machine-side converter (MSC), a dynamic braking resistor (DBR), and a grid-side converter. The converters are implemented using power electronics switches. The specifications of the wind power systems are listed in Table 1 .
In the normal condition, the wind power system operates in the maximum power point tracking (MPPT) mode. The rotational speed of the PMSG is controlled by the MSC to extract the maximum power while the GSC controls the DC-Link voltage and the reactive power output. When the RMS value of the grid voltage drops below 0.8 p.u or the DC-link voltage exceeds 6.5 kV, the DBR will be enabled to exhaust the accumulated energy of the link capacitor. To validate the proposed voltage measurement algorithm, two case studies are conducted in this section. The first case shows the voltage measurement performance during the balanced grid fault. In the second case, the unbalanced grid fault condition is simulated.
Case 1: Balanced Fault
Case 1 simulates wind power system operation during a balanced fault. Figure 10 shows the simulation results of this case. Before the fault condition, the wind power system generates 6 MW constant power and the voltage measurement algorithm measures an accurate RMS value. When the balanced grid fault occurs at 0.7 s, the three-phase grid voltage simultaneously drops about 50%. Figure 10a shows the grid voltage at the point of common coupling (PCC). The rotational speed and reference of the PMSG is shown in Figure 10b . The DC-link voltage is presented in Figure 10c . Figure 10d shows the voltage measurement performance of proposed algorithm compared to the conventional one.
During the fault, the GSC of the wind power system suffers difficulty to supply active power to the grid when the grid voltage drops severely. Then, the power unbalance between the power generated by the turbine and the power injected to the grid causes a significant voltage increase in the DC-link. The control scheme for the wind power system to prevent overvoltage in the DC-link is established as follows: (1) the MSC of the wind power system decreases the tip speed ratio of the wind turbine. The amount of tip speed reduction is determined according to the energy missing at the PCC due to the grid voltage drop caused by the MSC controller. In addition; (2) if the grid voltage drops under 0.8 p.u., the dynamic breaking resistor (DBR) starts operation to prevent excessive overvoltage of DC-link. This means that the surplus energy will be burnt out in the DBR. Therefore, fast fault detection can help to reduce the size of DBR and cooling system. In this simulation, the pitch angle control scheme of the wind turbine blades has not been applied because the pitch angle control has a slow response compared to power converter control. Figure 10c shows the DC-link voltage increase when we use either the conventional or the proposed method. The rotational speed of wind turbine is reduced according the optimal TSR as shown in Figure 10b . As seen in Figure 10d , the fault detection time of the conventional method is 5.3 ms but the proposed measurement method detects the grid fault faster, within 4.5 ms after the fault. As a result, the DC link voltage increase can be reduced from 5605 V to 5579 V when we use the proposed method as shown in Figure 10c . 
Case 2: Unbalanced Fault
In Case 2, it is assumed that the unbalanced fault occurs in the grid voltage. The magnitude of phase C voltage reduces 80% more than other phases. Figure 11 shows the simulation results of Case 2. In Figure 11 , the unbalanced grid fault occurs at 0.7 s. In this case, the proposed method can detect the grid fault in 3.5 ms whereas the conventional method takes 4.5 ms, as shown in Figure 11d . It is noted that that the proposed method reduces the DC-link voltage rise to 5.56 kV compared to 5.60 kV of the conventional method as shown in Figure 11c . This is because the proposed method can detect the grid fault quickly and prevent the over-voltage of DC-link capacitor reliably in any fault situation. 
Conclusions
Conventionally, the fundamental component method has been used to measure the fundamental voltage and also to detect fault conditions in wind power systems. However, this method takes more than one cycle to accurately measure the voltage magnitude after a fault occurs. In addition, the detection performance of the conventional method can be degraded when the system frequency fluctuates. For the rapid and accurate fault detection performance, this paper proposes an adaptive parameter estimation algorithm which is based on the adaptive filter theory.
The proposed algorithm can measure multiple parameters of the fundamental voltage component such as the magnitude, frequency, and phase angle. The advantage of the proposed algorithm is that its fault detection speed is faster than that of the conventional method and it is more robust to voltage distortion such as harmonics and frequency variations. Thus, the rapid fault detection method can help restrict the DC-link overvoltage. This means the size of the dynamic breaking resister can be reduced to burn out the accumulated capacitor energy which is proportional to the square of the DC voltage magnitude. In addition, fast detection of fault condition can help the grid-side converter to effectively control the reactive current injection to the grid for fault recovery, which is defined in many LVRT requirements. To validate the proposed method, the proposed algorithm has been tested via c-code programming environment test using PSIM and switching-level power converter simulation in Matlab/Simulink.
